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Predicting predation efficiency of biocontrol agents: 
linking behavior of individuals and population dynamics  
 
Brigitte Tenhumberg 
School of Natural Resources, University of Nebraska-Lincoln, Nebraska, USA, btenhumberg2@unl.edu 
 
Abstract: Behavioral ecology and population ecology are two separate branches of ecology; studies linking 
the effect of individual behavior and population dynamics are rare. This paper connects a stochastic optimal 
foraging model of insect predators with an age structured population model of its prey. I modeled syrphid 
larvae feeding on cereal aphids, an interaction critical to cereal crops in Germany. The key stochastic element 
in this model is the foraging success of predators, which influences survival and developmental time of 
predators and mortality of the prey population. The model predicts that the level of control incurred by 
predators is highest if predators arrive when prey numbers are still small, the growth rate of prey population is 
small, and predator density is moderately high. If the number of predators per prey was high or prey 
distribution was much aggregated, predators were less successful in finding prey. As a result predation 
efficacy was reduced.  
Keywords: Behavior; Population Dynamics; Biocontrol; Escalator Boxcar Train 
 
1. INTRODUCTION 
Mortality caused by insect predators and parasitic 
wasps is a major biotic factor shaping the 
population dynamics of any insect prey (host) 
species [Symondson et al., 2002] and can be 
exploited for biocontrol. The impact of predators 
(parasitic wasps) on their prey (host) population 
likely depends on their foraging behaviour. There 
is a large body of literature documenting different 
factors influencing foraging behavior (“optimal 
foraging theory”), but individual level responses 
do not necessarily affect population level 
processes. For example, Tenhumberg et al [2001] 
demo nstrated that the behavioral response of 
individual female  parasitic wasps, Cotesia 
rubecula, can compensate for the effect of small 
scale variation in host distribution.  This results  in 
equal reproductive success over a range of   small 
scale distributio n pattern s .  In this paper I explicitly 
link individual behavior with population processes 
by simulating the impact of “optimally” behaving 
insect predators  on their prey population, and 
examine the conditions under which predators can 
prevent pest outbreaks. 
I used the economically important aphid species, 
Sitobion avenae (prey) and its syrphid predator, 
Episyrphus balteatus as a model system. In 
general, the composition of aphid species in 
German winter wheat fields includes S. avenae , 
Metopolophium dirhodum, and Rhopalosiphum 
padi [Tenhumberg, 1992]. Only the first two 
species occur in high numbers, but they generally 
feed on separate plant parts : M. dirhodum feeds on 
leafs, while S. avenae feeds mainly on the ear and 
has the highest impact on the yield. In western 
Germany syrphids are by far the most important 
predators of cereal aphids (~80% of all 
stenophagous predators) and E. balteatus 
constitutes >90 % of the composition of syrphid 
species [Groeger, 1992; Tenhumberg, 1992]. Other 
insects contributing to the control of cereal aphid 
populations include lady beetles, parasitic wasps, 
and spiders . 
2. MODEL DESCRIPTION 
2.1 Aphid Model (S. avenae) 
To simulate the population dynamics of aphids I 
used the “escalator boxcar train” (EBT) technique 
[Leffelaar, 1999], which can be used to model 
continuous time populations with mixed age 
distributions. Before a simulation starts, the 
developmental axis of one stage is broken up into a 
number of classes or boxcars, each with identical 
developmental width. Here, we constructed two 
chained EBTs, one for larval aphids and one for 
adult aphids. Note that aphid eggs do not occur 
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 during the growing season of winter wheat. Each 
EBT consisted of 10 boxcars representing different 
age classes. All individuals of the aphid population 
were distributed among the boxcars. Individuals of 
a particular boxcar had unique vital rates, so the 
model could account for stage and age specific 
mortality and reproduction rates. The 
developmental process was  simulated by shifting 
individuals continuously to a higher stage of 
development at the same rate. Newborn aphids 
entered the first boxcar of the larvae-EBT; unless 
dying they successively moved through all boxcars    
of the larvae-EBT and the adult-EBT and were 
removed from the population after reaching the end 
of the last boxcar, which is their maximum life span. 
The EBT technique is described in detail in 
Leffelaar [1999].  
Model parameters were estimated based on 
laboratory studies on  S. avenae  at 20 oC  [Dean, 
1974; Simon et al., 1991] and listed in Table 1.  
According to Dean [1974] 97% of aphid larvae 
survive to adult phase and the average adult  
lifespan is 22 days. We assume that juvenile 
survival rate is constant and adult survival follows 
a Weibull function. In general, with increasing 
temperatures larval development increases and 
survival of adult aphids decreases; reproduction 
and the intrinsic growth rate increase up to 20oC 
and decrease at higher temperatures [Dean, 1974]. 
The model does not include the effect of 
temperature directly; however the sensitivity 
analysis revealed the effect of changes in the 
developmental time and reproduction. 
The simulation model predicts exponential growth 
of aphids. Real aphid populations are regulated by 
density dependent mechanisms, such as an 
increasing proportion of migrating aphids 
(alatifome = aphids with wings) [Watt and Dixon, 
1981], presumably limiting aphid numbers to < 1000 
aphids per shoot. As this paper is concerned with 
predator-prey interactions at much lower aphid 
densities we ignore density dependent 
mechanisms. 
Table 1: Parameters used in aphid model. Daily rates were normalized through division by l.  (a = 1.05, b=011.5, 
c=0.040976, x is time in days, k = 3.5, and r = 0.034) 
 Larvae-EBT (L) Adult-EBT (A) References  
Stage length, D DL = 8 days DA = 45 days [Dean, 1974] 
Number of boxcars, n 10 10  
Developmental width, g gL = DL/n =  0.8 gA = DA/n =  4.5  
Mortality per day, m 0.003Lm =  ( )
1
A x
k
m kr r
-
=  modified from Dean [1974] 
Age dependent reproduction , f 0 ( )ln cxx a bx ef -=   modified from Simon et al. 
[1991] 
  
2.2 Syrphid model 
The syrphid model has been published elsewhere 
[Tenhumberg et al., 2000], so I present only an 
overview here. The model uses stochastic dynamic 
programming to calculate the optimal state-
dependent behavior that maximizes lifetime 
reproduction. At any point in time syrphid larvae 
have three behavioural options: foraging for 
aphids, resting, or pupating.  Syrphid larvae may 
find food while foraging; the probability of 
catching aphids is a function of aphid density and 
distribution. Syrphid larvae need food for 
maintenance and growth; but foraging uses up 
energy and increase the risk of being preyed upon. 
Syrphid reproduction is a function of size, 
consequently the higher the accumulated weight of 
a syrphid when pupating, the higher is her 
expected future reproductive success. Conversely , 
the longer a syrphid postpones pupating to 
accumulate a higher weight, the more likely she is 
to die as a result of starvation or predation. What 
behavior is best at any point in time depends on 
the states: gut content, weight, age, and food 
availability (mean and variance). Syrphid larvae 
estimate their chances to find food based on the 
distribution of past prey encounters [weighted 
maximum likelihood estimate, Mangel, 1990]. 
Foragers catch A prey units, where A is a negative 
binomial random variable with some mean m and an 
aggregation index k: 
{ } ( )
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 where G(k ) is a gamma function [Krebs, 1989], and 
m is syrphids expectation of average food 
availability. Based on field observations on cereal 
aphids [Ohnesorge and Viereck, 1983], I set k=2, 
indicating a slightly aggregated distribution.  
2.3 Linking predator and prey model 
The aphid and syrphid models were connected 
through syrphid feeding activity, imposing 
additional mortality on the aphid population (see 
Figure 1). In turn, aphid density influenced syrphid 
foraging success, and consequently syrphid 
performance (rate of weight increase, starvation). 
To facilitate comparison with empirical data I will 
present syrphid density per m2 and aphid density 
per shoot (assuming there are 550 shoots per m2).  
Adult-EBT
Larvae-EBT
mA
E
mL
Predators
mP
Shift
OF
f
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Figure 1. Flow Chart. m indicates  mortality, f age 
dependent reproduction, “shift” individuals 
shifting from larvae-EBT to adult-EBT, E small 
syrphid larvae enter the model, P syrphid larvae 
pupate, and OF optimal consumption rate of 
predators. 
Egglaying behaviour of syrphid females is 
influenced by aphid abundance such that females 
only oviposit if aphid populations are above some 
threshold density, which varies between years 
[Tenhumberg and Poehling, 1991], and can be as 
low as 0.2 aphids per shoot  [Chambers, 1991]. 
Syrphid larvae hatch after three days [Tenhumberg, 
1992]. Analogous to the egg distribution, I modeled 
the distribution of new syrphid larvae entering the 
model (freshly hatched) as a normal distribution, 
with the first larvae entering the model after aphid 
density reached some threshold density.  
Each time step the interactions between aphid and 
syrphid populations were modeled sequentially. 
- The change in aphid population for one time step 
(=10 hours) was calculated based on the EBT 
model. 
- At the beginning of each time step, the model 
determined optimal decisions of predators , which 
follow from the tradeoff between the likelihood of 
accumulating more weight and of dying. 
- The per capita aphid consumption was simulated 
based on the probability distribution determined 
by aphid density and distribution.  
- Then the model calculated the changes in 
individual states: age increases; gut content 
increased according to the number of prey 
consumed; some of the gut content was used for 
maintenance and weight increase. If gut content 
decreased below a threshold predators  died of 
s tarvation. 
- The model removed pupating and dying syrphid 
larvae from the population and new arriving 
larvae entered the population.  
- The total number of predated aphids were 
removed according to their relative frequency in 
the boxcars of larvae-EBT and adult-EBT. This 
assumes that prey encounter is  random and 
syrphids do not have any preferences for prey 
size .  
 
2.4 Sensitivity Analysis 
For the sensitivity analysis I employed Latin 
Hypercube Sampling [LHS Blower and 
Dowlatabadi, 1994], which is a type of stratified 
Monte Carlo sampling. This technique has been 
used in the analysis of complex ecological models 
elsewhere [Rushton et al., 2000a; Rushton et al., 
2000b; Tenhumberg et al., in press]. LHS is an 
extremely efficient sampling design because each 
value of a parameter is only used once in the 
analysis. The estimation of uncertainty for each 
parameter is modeled by treating each parameter as 
a random variable. Probability distribution 
functions (pdfs) are defined for each parameter. I 
used uniform distributions, but other distributions 
are possible. I broke each of these distributions 
into N intervals, each of equal probability. I then 
chose the midpoint of each interval and generated 
an LHS table as an N * K matrix, where N is the 
number of simulations and K is the number of 
sampled input parameters. I chose N=100 and 
K=10. 12 parameter combinations were excluded 
from the analysis because they either resulted in an 
exponential decline of the aphid population without 
syrphids present or aphid populations increased 
too rapidly for syrphid larvae to have any effect. I 
repeated each run 20 times because the syrphid 
model is stochastic;  therefore the whole sensitivity 
analysis is based on 1760 simulations (88*20). All 
simulations are stopped after 33 days or 80 time 
steps. 
I used partial rank correlation coefficients  (PRCC) 
to evaluate statistical relationships between each 
input parameter and each output parameters while 
keeping all other input parameters constant at their 
866
 expected value [Conover, 1980]. This partial rank 
correlation is based on ranks of the results and of 
the parameter values within their columns, rather 
than on the raw values. This analysis determines 
the independent effect of each parameter, even if 
the parameters are correlated. The sign of the 
PRCC indicates the qualitative relationship 
between input and output variable, and the relative 
importance of the input variables can be directly 
evaluated by comparing the PRCC values. The 
calculation of PRCC is described in Blower [1994]. 
3. RESULTS AND DISCUSSION 
Figure 2 illustrates a typical simulation run using 
the parameters listed in Table 1. Overall 70 syrphid 
larvae hatched, but as a result of pupation and 
larval mortality the maximum syrphid density was 
only 39 individuals per m2. When the last syrphid 
larvae disappeared (32 days) aphid density reached 
30 individuals per shoot . For comparison, in the 
absence of predators aphid  population was 475 
individuals  per shoot . In the real world the ears of 
winter wheat plants usually start drying up around 
20-30 days after syrphid larvae appear 
[Tenhumberg, 1992] and the resulting rapid 
decrease in plant quality causes the break down of 
aphid populations through  elevated aphid 
mortality and development of a large proportion of 
migrating aphids [Watt and Dixon, 1981]. Thus, 
aphid populations are unlike ly to increase 
considerably after all syrphids have pupated.  
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Figure 2. Simulated population dynamics of aphids 
(solid line) and syrphid larvae (dotted line), using 
parameter values from Table 1. 1st syrphid larva 
appeared when aphid density  > 0.05. 
If syrphid predators have such high potential to 
control aphid populations, why do aphid 
populations regularly outbreak in Northern 
Germany? The sensitivity analysis (see Table 2) 
sheds some light on this question. First, I will 
discuss the results of aphid parameters, then the 
parameters specifying the interactions of predator 
and prey populations. 
A. Aphid specific parameters: 
Most prominent factors  influencing maximum aphid 
density (Amax) are the parameters of the age 
dependent reproduction curve (f, Table 1) and 
larval developmental time which determines how 
quickly aphids start reproducing (Table 2). In 
general, the larger the values of a and b the higher 
is the maximum reproductive output  (fmax). c is 
inversely correlated to aphid reproductive output: 
the smaller c the larger fmax and the slower the 
decrease in the age dependent reproduction. 
Within the parameter range tested the effect of 
larval and adult survival is small (small PRCC’s and 
only k is significant).  
Reproduction and developmental time are 
influenced by the temperature in the field. If the 
weather is warm, aphid development is short and 
the peak reproduction is reached earlier [Dean, 
1974]. According to the results of the sensitivity 
analysis these conditions greatly promote high 
aphid densities. Conversely, aphid populations  
usually reach much higher densities in northern 
Germany (cooler climate) compared to southern 
Germany (warmer climate) [Tenhumberg and 
Poehling, 1995].    
B. Predator specific parameters: 
The input parameters influencing predator-prey 
interactions are aphid density when 1st syrphid 
larvae appear (synchronization), the total number 
of predators and aphid distribution, which 
influences predator foraging success. The impact 
of syrphid predators on aphid population is not 
only influenced by input parameters, but also by 
mortality (i.e. starving) and behavioral response 
and of syrphid larvae (functional response, timing 
of pupation).  As an indication of syrphid 
responses I included  in the sensitivity analysis the 
maximum number of syrphids (Smax), the time period 
over which syrphid larvae were present (syrphid 
days, Sd), and the average per capita consumption 
(C). In the following, I will refer to the PRCC’s in 
colum Smax as PRCC -Smax, and so on. 
Synchronization: By far most important in keeping 
aphid numbers low is the synchronization between 
aphids and syrphid predators  (PRCC-Amax=0.89). A 
high aphid density when the 1st predators  arrive 
results in high food availability and syrphid 
predators increase their consumption rate  (large 
positive PRCC-C). This  functional response is 
consistent with empirical findings [Tenhumberg, 
1995]. As a response to high food availability 
syrphid larvae accumulate weight quicker and 
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 pupate at an earlier age [Tenhumberg et al., 2000]. 
As a consequence, Sd and Smax are shorter 
(negative PRCC-Sd and Smax), which means the 
growth rate of aphid populations is slowed down 
for a shorter period of time and the maximum 
number of predators is smaller. So, the reduced 
larval period of syrphids counteracts  somewhat the 
increased feeding rate of syrphid predators.  
Predator abundance: Interestingly the effect of the 
cumulative number of syrphid larvae appearing on 
maximum aphid density is much smaller than the 
effect of synchronization. The reason for this is 
interspecific competition resulting in decreasing 
per capita consumption with increasing predator 
density (negative PRCC-C), and syrphid larvae 
need a longer time to accumulate a sufficiently 
large weig ht to pupate (positive PRCC-Sd).  
Aphid distribution: The degree of aggregation of 
aphid distributions also influences maximum aphid 
densities (negative PRCC-Amax) through syrphid 
mortality and foraging efficiency. A high degree of 
aggregation    (small  k-value)   translates   to   large 
variation in foraging success between capturing 
bouts, which in turn increases the probability of 
starvation because of the high frequency of 
successively finding no or not enough food. The 
increased mortality rate results in overall reduced 
syrphid  densities  (positive  PRCC-Smax).  If  aphid 
distributions are highly aggregated the per capita 
consumption of predators decreases (positive 
PRCC-C). As  a  result  of  the  slow  rate of weight 
accumulation syrphid larvae need a longer time to 
pupate, which increases the length of the period 
where syrphid predators are present (negative 
PRCC-Sd).  
Table 2: Partial rank correlation coefficients (PRCC) of maximum aphid density, Amax, syrphid maximum 
density, Smax , number of days syrphid larvae are present, S d, and the average per capita consumption per day 
of present larvae, C. Absolute values >0.235 (>0.19) are significant at p=0.01 (p=0.05) and are indicated by ** 
(*). Range specifies the rage over which input parameters were v aried in the sensitivity analysis. The analysis 
is based on 88 different parameter combinations. 
Input variables Parameter Range Amax Smax Sd C 
Reproduction  a 4-7 0.651** 0.210* - 0.279** 0.206* 
 b 1-3 0.857** 0.120    - 0.441** 0.472** 
 c 0.3-0.7 - 0.704** - 0.190* 0.251** - 0.274** 
Adult mortality k 2-5 0.292
** 0.034 - 0.200*  0.182 
 r 0.025-0.05  0.058 - 0.161 - 0.113 0.044 
Larval mortality   0.02-0.1 - 0. 137 - 0.118 0.162 - 0.062 
Larvae DT   6-9 - 0.767
** - 0.136 0.489** - 0.509** 
Aphid distribution  k  0.01-2 - 0.232* 0.583** - 0.564** 0.640** 
Threshold Density  0.01-1 0.891**  - 0.273** - 0.596**  0.812** 
Total predator number  50-100 - 0.380** 0.960** 0.265** -0.195* 
 
4. CONCLUSIONS 
This model suggests that syrphid larvae are most 
likely to suppress aphid outbreaks if syrphid 
larvae arrive when aphid density is still is small. 
Differences in the synchronization between 
syrphid and aphids populations  are hypothesized 
to be the main reason why in northern Germany  
aphid populations regularly  reach outbreak 
densities in winter wheat fields (if no insecticides 
are applied) and in southern Germany not 
[Tenhumberg and Poehling, 1995].  
The potential of syrphid larvae to prevent 
outbreak densities of aphid populations is also 
influenced by intraspecific competition and 
syrphid responses to aphid population, such as 
timing of pupation, starvation and foraging 
success. The latter is not only dependent on 
aphid density but also aphid distribution. Ignoring 
these responses  in models forecasting the risk of 
pest outbreaks [e.g., Gosselke et al., 2001]  might 
result in overestimating predation efficiency and 
consequently erroneous risk assessment . 
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